ORIGIN AND MIGRATION OF T-CELL PROGENITORS DURING ONTOGENY
Comparative developme,ntal studies are very informative with regard to the evolution of the immune system in vertebrates. The avian model offers several advantages for the study of T cell development: (i) T and B cells undergo differentiation in specialized central lymphoid organs, T cells in the thymus, and B cells in the bursa of Fabricius, (ii) a large number of precisely staged embryos can be easily obtained, (iii) the embryo is large enough for experimental manipulation, and (iv) the general scheme of Tcell ontogeny is similar in birds and mammals with the exception of the fetal liver which is not hemopoietic in birds. Studies performed in chick-quail chimeras show that the thymus of birds is colonized in three waves during embryogenesis and just after hatching. These waves start at day 6, day 12 and day 18 of embryonic development (E6, El2, El8) respectively (Coltey et al., 1989; Coltey et al., 1987; Jotereau and Le Douarin, 1982) . The duration of these waves is of around 2 days and they are separated by periods refractory for thymus colonization. T-cell progenitors first originate from para-aortic mesoderm at the level of the ducts of Cuvier in E3 chicken embryos (Cormier and Dieterlen-Lievre, 1988; Dieterlen-Lievre et al., 1996;  The available evidence to date suggests that hemopoietic progenitors emerge in situ at three locations during chicken embryogenesis: the yolk sac, the aortic foci, and the allantois (Caprioli et al., 1998; Cormier et al., 1986; Dieterlen-Lievre and Martin, 1981;  Moore and Owen, 1967) . The (Dunon et al., 1997) . When T-cell progenitors enter the perivascular space after invasive migration through the pericytic/epithelial basal membrane, they interact with the thymic microenvironment and undergo differentiation (Fig. 1 ). Based on a sensitive in vivo thymus reconstitution assay (see below), the number and frequency of T-cell progenitors in peripheral blood, para-aortic foci, bone marrow, and spleen have been quantified during ontogeny. The progenitors of the first wave colonize the embryonic thymus stem from the para-aortic foci and those of the second and third waves originate from bone marrow . During these latter waves, T cell progenitors are encountered in the bone marrow and spleen. However, the spleen, in contrast to the bone marrow, contains progenitors which are unable to home to the thymus via the blood stream. Each wave of thymus colonization correlates with the presence of a peak of progenitors in peripheral blood, whereas almost no progenitors are detected in the blood during the periods defined previously as refractory for thymus colonization (Fig. 2) . Moreover, intravenous injection of T cell progenitors show that they are able to home into the thymus without delay even during the so-called refractory periods. These findings demonstrate that the blood delivery of T cell progenitors plays a major role in the thymus colonization kinetics during embryogenesis . (Rodewald et al., 1997) ). The chain is common to many interleukin receptors, but among these, only the IL-7 receptor seem important, since its knockout induces a reduction in thymic cellularity comparable to that observed in the chain knock out mouse (Peschon et al., 1994) . This correlates with the presence of the IL-7 receptor on the common lymphoid progenitor cell in murine bone marrow (Kondo et al., 1997) .
IDENTIFICATION OF T-CELL PROGENITORS
HEMCAM HEMCAM (hemopoietic cell adhesion molecule) is an adhesion molecule belonging to the immunoglobulin superfamily with a V-V-C2-C2-C2 Ig domain structure (Vainio et al., 1996) (Taira et al., 1994; Takaha et al., 1995) . It is also homologous to MUC18/MCAM a human molecule involved in melanoma progression and metastasis (Johnson et al., 1996; Lehmann et al., 1989) . There are three mRNA splice variants, one with a short cytoplasmic tail, another with a long tail and the third one lacking the transmembrane and cytoplasmic regions. The two transmembrane HEM-CAM/gicerin isoforms tre detected by immunoprecipitation and are differentially expressed in the developing nervous and immune systems. Initially, HEMCAM/gicerin was identified as a binding protein for the neurite outgrowth factor (NOF) a molecule of the laminin family (Hayashi and Miki, 1985; Taira et al., 1994) . In addition, HEMCAM promotes cell-cell adhesion probably through both heterophilic and homophilic binding. Several studies now suggest that HEMCAM might also transduce a signal (Anfosso et al., 1998) (Fig. 4) (Corbel et al., 1996) . BEN interacts in a homophilic way and these interactions are not affected by its glycosylation status. In addition, Ng-CAM has been suggested as ligand for BEN (DeBernardo and Chang, 1996) . ALCAM, the mammalian homologue of BEN, which is expressed on activated T lymphocytes, has been identified as a CD6 ligand (Bowen et al., 1995) . ALCAM-CD6 interactions are very likely involved in thymocyte-thymic epithelium interactions as well as in the binding of T and B cells to activated leukocytes. BEN might play a role in the migration of T-cell progenitors from the bone marrow to the thymus. As suggested by the in vitro inhibition studies, it may also be involved in the first step of T cell maturation possibly through interaction with the thymic epithelium. BEN BEN (bursal epithelium and neurons) a surface glycoprotein also known as DM-GRASP and SC1 belongs to the same subfamily of adhesion molecules as HEMCAM, exhibiting a V-V-C2-C2-C2 Ig domain structure 
ChT1
ChT1 is a transmembrane molecule well conserved through evolution (DuPasquier and Chretien, 1996) , which belongs to the large ChT1 Ig supergene subfamily with one V-and one C2 extracellular domain (Katevuo et al., 1999 (Kong et al., 1998) . Treatment of thymic organ cultures with anti-ChTl-antibodies, blocked T cell differentiation at the level of the immature lymphocyte.
Present data suggest that this molecule is involved in an early T cell differentiation step, preceding CD3, CD4 and CD8 expression (Katevuo et al., 1999) . The time-restricted expression on recent thymic emigrants is extremely useful allowing the selective study of these naive T cells at any stage of embryogenesis or in the adult (Kong et al., 1998) .
MHC class II
In the c-kit positive population of the bone marrow, the T-cell progenitors are restricted to the cells coexpressing the MHC class II beta chain molecule at their surface (Ody, unpublished data, Fig 4) . This population is present in the embryo as well as in the young adult, although at lower number in the latter. The fact that the c-kit MHC class II double positive progenitors are in the Rho (Rhodamine 123) high fraction (Ody et al. in preparation) showed that they belong to the less primitive progenitors already engaged in the differentiation process. Indeed, Rho binds to mitochondrial membranes of metabolically active cells (Johnson et al., 1980 (Gosgrove et al., 1991) , the disorganization of the CD4+cells in the thymic architecture is an indication for a role of the MHC class II molecule in T cell differentiation and migration unrelated to T cell selection. Moreover in vivo and in vitro studies performed on dogs (Hong et al., 1995b) , show that anti-MHC class II induces failure of autologous bone marrow transplant after lethal irradiation treatment and prevents CFU-GM formation. This is accompanied by an increase in intracellular Ca ++ but no change in the tyrosine phosphorylation pattern is detected (Hong et al., 1995a ). These results also suggest a more general role of the MHC class II molecule in the regulation of hemopoiesis, which appears to be completely unrelated to its role as a histocompatibility barrier (Deeg and Huss, 1993) .
CD44
The CD44 proteoglycan is a widely expressed cell surface protein on leukocytes and endothelial cells (Borland et al., 1998; Kincade et al., 1997) . CD44 mediates cell adhesion mainly by its binding to hyaluronic acid (HA), but it can also interact with chondroitin 4-sulphated serglycin, sulphated proteoglycans and the extracellular matrix molecules, collagen I and IV, laminin and fibronectin (Carter and Wayner, 1988; Jalkanen and Jalkanen, 1992; Peach et al., 1993; Stamenkovic et al., 1991) . Mammalian CD44 isoforms are encoded by a single gene, containing 19 or 20 exons (Stamenkovic et al., 1991) . The enormous structural diversity of CD44 arises from the ability of cells to choose among a large number of mRNA splice options and from further glycosylation modifications. In the mouse, expression of CD44 by pro T cells in the bone haarrow and the decrease in thymocytes number following injection of anti-CD44 antibodies suggest that CD44 plays a role in thymus homing (O'Neill, 1987; O'Neill, 1989; Spangrude and Scollay, 1990; Suniara et al., 1999; Wu et al., 1991) . Thereby, the expression of CD44 by the thymic endothelium (Horst et al., 1990 ) may also play a role. Moreover, CD44 is involved in progenitor interaction with the bone marrow stroma and in maturation of lymphoid progenitors. Accordingly, in the embryonic chicken bone marrow, CD44 is expressed by different cell populations at different levels. Most of the CD44 / c-kit double positive cells express CD44 at a high level. (Fig. 4) . On mature T cells, CD44 seems to be involved in immune responses. It is the chondroitin 4-sulphated serglycin-CD44 interaction that provides a costimulatory signal to mouse cytotoxic lymphocytes (Lesley et al., 1993; Miyake et al., 1990) . The chondroitin 4-sulphated serglycin-CD44 interaction may also be associated with MHC class II molecules. Such interactions could stimulate class II-dependent allogenic and mitogenic T cell responses (Naujokas et al., 1993; Toyama-Sorimachi and Miyasaka, 1994) . Interaction between CD44 and MHC class II might also play a role in the proliferation and/or differentiation of T cell progenitors since both molecules are present on these progenitors.
Podocalyxin-like protein Thrombomucin
The Podocalyxin-like protein is a 140 kDa transmembrahe sialomucin that was first identified as a marker of podocytes in the Kidney and vascular endothelia (Kershaw et al., 1997; Kershaw et al., 1995 (Kershaw et al., 1997; Kershaw et al., 1995) . In addition, the avian thrombomucin is expressed on hematopoietic progenitors in the yolk sac and the bone marrow as well as the thrombocytes (McNagny et al., 1997) . In the embryonic bone marrow, there is a c-kit intermediate population, which is thrombomucin positive (Fig. 4) . The T cell potential of this population has not yet been determined, but expression of thrombomucin on chicken lymphoid cells including T-cell progenitors has already been suggested (Lampisuo et al., 1998; Lampisuo et al., 1999 (DuPasquier and Chretien, 1996) , then independently in chicken (Katevuo et al., 1999) and finally, related molecules have been identified in mouse and human (Aurrand-Lions M. submitted and in preparation). In contrast, PECAM, an adhesion molecule present on platelets, endothelial cells, most leukocytes (DeLisser et al., 1993) and on hemopoietic progenitors (Ling et al., 1997) , has only been identified in higher mammals and has not been found so far in chicken in spite of many attempts. This finding is consistent with the apparent functional redundancy of PECAM-1 demon-strated by the absence of any major hemopoietic disorder in the PECAM knockout mice (Duncan et al., 1999) . On the other hand, the integrin odIb3 and c-kit, which are highly conserved through evolution certainly play fundamental roles in the hemopoietic system. This is shown by the dramatic effects resulting from mutagenesis (Morrison-Graham and Takahashi, 1993) , gene deletion (Tronik-Le Roux et al., 1995) or antibody treatment (Berridge et al., 1985) . Thus avian system is very useful for the evaluation of unknown molecules as a bridge between organisms distant in the evolutionary tree. The avian model can also help in the understanding of the different mechanisms underlying hemopoiesis. For instance, the presence of HEMCAM on hemopoietic progenitors has been identified thanks to work performed on the chicken (Vainio et al., 1996) , whereas its earlier identification in human was related to melanoma progression (Lehmann et al., 1989) . Thus characterization of cell surface molecules expressed on T cell progenitors in birds and mammals are complementary and might help to improve our knowledge of the fundamental molecules involved in T cell migration, thymus homing and T cell differentiation.
